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Abstract 

The barrier function of epithelia is one of the cornerstones of the body plan organisation 

of metazoans. It relies on the polarity of epithelial cells which organises along the 

apico-basal axis the mechanical properties, signalling as well as transport. This barrier 

function is however constantly challenged by the fast turnover of epithelia occurring 

during morphogenesis or adult tissue homeostasis. Yet, the sealing property of the 
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tissue can be maintained thanks to cell extrusion: a series of remodelling steps 

involving the dying cell and its neighbours leading to seamless cell expulsion. 

Alternatively, the tissue architecture can also be challenged by local damages or the 

emergence of mutant cells that may alter its organisation. This includes mutants of the 

polarity complexes which can generate neoplastic overgrowths or be eliminated by cell 

competition when surrounded by wild type cells. In this review, we will provide an 

overview of the regulation of cell extrusion in various tissues focusing on the 

relationship between cell polarity, cell organisation and the direction of cell expulsion. 

We will then describe how local perturbations of polarity can also trigger cell elimination 

either by apoptosis or by cell exclusion, focusing specifically on how polarity defects 

can be directly causal to cell elimination. Overall, we propose a general framework 

connecting the influence of polarity on cell extrusion and its contribution to aberrant 

cell elimination. 

Keywords: cell extrusion, apico-basal polarity, cell competition, epithelium, cell 

death, planar cell polarity 
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1. Introduction 

The barrier function of epithelia is intimately related to the diversification of body plans 

in metazoans. By mechanically and chemically separating compartments, they 

provided the unique possibility to diversify and specialised the functions of organs. This 

barrier function is based on the tight coupling between epithelial cells, which through 

adherens junctions and tight junctions maintain the cohesion and sealing properties of 

the tissue. This organisation relies on stereotypical distribution of various proteins and 

lipids along the apico-basal axis of the cell. This polarity has been studied extensively 

in cell culture or model organisms such as Drosophila and is based on mutual exclusive 

relationship between apical complexes (Crumbs, Stardust, aPKC, Par6, PatJ), apical 

junctional complexes (Par3) and lateral complex composed of Scribbled (Scrib), Disc-

large (Dlg) and Lethal giant larvae (Lgl) (Flores-Benitez and Knust, 2016) as well as 

Par1, Yurt and septate junction components (Buckley and St Johnston, 2022). This 

relatively static view of epithelia is challenged by the very plastic behaviours observed 

during development and adult homeostasis. Epithelial organisation can be dramatically 

remodelled during morphogenesis, involving modifications of cell shape and cell-cell 

junctions (Guirao and Bellaiche, 2017), while some epithelia are constantly renewed 



through cell division and cell death during adult organ homeostasis (Patterson and 

Watson, 2017). As such, the mechanisms maintaining apico-basal polarity and sealing 

properties during cell division has become an intensive field of study (Osswald and 

Morais-de-Sa, 2019). Similarly, the mechanisms maintaining the sealing property 

during cell death has become another central question of epithelial biology. Cell 

extrusion is defined by the series of remodelling steps leading to epithelial cell 

exclusion from the tissue layer without impairing the sealing properties of the tissue 

(Rosenblatt et al., 2001). While it has been historically associated with cell death, it is 

nowadays associated with a wide variety of cellular events that either exclude aberrant 

cells (Kajita and Fujita, 2015), promote cell differentiation (An et al., 2017; 

Miroshnikova et al., 2018; Simoes et al., 2017) or promote tumoral cell invasion (Gu et 

al., 2015). Cell extrusion is by essence a polarised process which relies on the tight 

coordination between cell constriction, junction disassembly and de novo junction 

formation between the neighbouring cells. How these different remodelling steps are 

coordinated remains an essential and unresolved question. Similarly, the direction of 

cell expulsion (apically or basally) can have drastic consequences on the fate of the 

extruding cell which will either be expelled from the body into the lumen or remain on 

the basal side to die, invade or undergo differentiation. What is then driving the 

direction of cell expulsion and which conditions can perturb this directionality? How can 

core components of the apico-basal polarity complexes influence cell extrusion?  

While these questions are related to the orchestration of cell extrusion by polarity cues, 

the perturbations of polarity can also be a driving force for extrusion and death 

induction. Polarity mutants such as scrib, dlg or lgl have been initially associated with 

neoplastic growth in Drosophila larvae where the period of imaginal tissues growth is 

overextended and associated with a global disorganisation of epithelia (Bilder, 2004; 

Bilder et al., 2000b). However, mosaic induction of some polarity mutants is associated 

with cell death and clone elimination through cell competition (Brumby and Richardson, 

2003; Igaki et al., 2006; Igaki et al., 2009; Norman et al., 2012), a context-dependent 

cell elimination process which can remove aberrant, misspecified or unfit cells (Baker, 

2020; Ohsawa et al., 2018). Works over the last decades have outlined the large range 

of genetic contexts and tissues in which cell competition can be observed. The 

mechanism of cell competition however remains largely not understood and seems to 

rely on a variety of recognition and elimination processes that can coexist in the same 



tissue. This includes the elimination of mis-polarised cells, which can either be driven 

by extracellular diffusive factors (de Vreede et al., 2022; Katsukawa et al., 2018), direct 

contact-dependent communication (Yamamoto et al., 2017), or differential sensitivity 

to mechanical stress (Bove et al., 2017; Gradeci et al., 2021; Wagstaff et al., 2016a). 

Is there then any intrinsic relationship between the local perturbation of apico-basal 

polarity of cells and competition-driven elimination? More generally, can spatial 

heterogeneity of cell polarity cues across an epithelium influence cell survival and the 

stability of epithelial cells?  

In this review, we will provide an overview of how polarity may influence cell extrusion 

and how local perturbations of polarity cues can also lead to cell elimination. We will 

first describe the key remodelling steps associated with cell extrusion and outline the 

diversity and versatility of this process. We will then provide an overview of the 

parameters that can modulate the direction of cell extrusion and describe interplays 

between apico-basal polarity and cell extrusion. In the second part, we will describe 

the consequences of local perturbations of polarity and how this can lead to cell 

elimination or cell exclusion (exit of the epithelial layer not followed by cell death). We 

will more specifically describe the direct causality between polarity defects and the 

context-dependent elimination of cells.  

2. Cell extrusion, a polarized remodeling process 

[inset somewhere in this section Figure 1, full page in total] 

Most of our knowledge of cell extrusion initially came from the studies of MDCK (Madin-

Darby Canine Kidney) cell extrusion upon UV damage. The expulsion of the dying cells 

is initiated by the increase of contractility driven by actomyosin accumulation in the 

dying cells (Kuipers et al., 2014), which is then followed by the formation of a 

supracellular cable of actomyosin in the neighbors (Kuipers et al., 2014; Rosenblatt et 

al., 2001) that slides basally while constricting (Figure 1A). Eventually, this will expel 

the cell on the apical side. The formation of the actomyosin cable is regulated by the 

secretion of the bioactive lipid Sphingosin 1 phosphate (S1P) by the dying cell which 

binds the S1P2 receptor in the neighbors and activates Rho GTPase (Gu et al., 2011), 

although recent results suggest that S1P may just have a global permissive role rather 

than an instructive role for local Rho activation (Atieh et al., 2021; Duszyc et al., 2021). 

Alternatively, the activation of Rho is also promoted by the transmission of forces to 



the neighbors through the tension dependent recruitment of Coronin1B which 

reorganizes actin in bundles and promotes the formation of the actomyosin ring 

(Michael et al., 2016). Force transmission relies on the mechanical coupling between 

cells thanks to adherens junctions and E-cadherin. Accordingly, E-cad depletion 

impairs actomyosin ring formation and slows down cell extrusion in MDCK and MCF7 

cells (Lubkov and Bar-Sagi, 2014; Michael et al., 2016). Mechanotransduction is also 

driven by the tension-dependent recruitment of MyosinVI in the neighbors which 

stimulates Rho activity through the recruitment of the p114-RhoGEF at adherens 

junctions (Acharya et al., 2018; Duszyc et al., 2021). Meanwhile, basal protrusions 

from the neighboring cells also contribute to cell extrusion by promoting the basal 

detachment of the dying cell (Duszyc et al., 2021; Kocgozlu et al., 2016; Le et al., 

2021). The contribution of these basal protrusions is particularly central at low cell 

density (Kocgozlu et al., 2016) or in conditions of low cell-cell adhesion (Le et al., 

2021). These contractile events have also to be coordinated with cell-cell junctions 

remodeling, which on the one hand need to be maintained for sealing and mechanical 

coupling, while being eventually disassembled to terminate extrusion. In this regard, 

the dynamics of desmosomes during extrusion is particularly interesting (Figure 1A). 

Desmosomes between the dying cell and its neighbors in MDCK cells are maintained 

throughout cell extrusion while Keratin 18 undergo progressive remodeling coupled to 

the formation of the actomyosin ring (Thomas et al., 2020). More importantly, de novo 

formation of desmosomes between the neighboring cells occurs on the basal side prior 

to the termination of extrusion and the disassembly of old desmosomes. As such, 

mechanical coupling between cells is maintained throughout the process.  

This brief description of the central remodeling steps of extrusion already outlines a 

number of key events that rely on the polarized localization of cellular components, 

including adherens junctions, Rho activity and actomyosin organization, ECM binding 

and desmosomes junctions. Like other epithelial morphogenetic events, the subcellular 

regulation of contractility and the local activation of Rho seem to play a key role in 

setting the direction of expulsion. In that regard, it seems essential to understand how 

the initial constriction mostly located at the level of junctions will then give rise to a ring 

constricting on the basal side. We will discuss this point in the following sections.   

2.1 The versatility and diversity of cell extrusion 



The apparent uniform picture of extrusion that we provided so far is rapidly challenged 

when compared with extrusion in other epithelia and organisms. While the majority of 

extrusions occurs on the apical side in Vertebrates, most of the extrusions in 

Drosophila epithelia (sometimes also called delamination or cell ingression) drive cell 

expulsion on the basal side (Figure 1B). For instance, cell extrusions during dorsal 

closure in the fly embryo expel the cells on the basal side (Toyama et al., 2008). This 

also applies in more pseudostratified epithelia like the wing imaginal disc or the joint 

region of the pupal leg (Manjon et al., 2007; Monier et al., 2015).  Apoptotic cells in 

pupal epithelia are also expelled on the basal side. This includes epithelial cells in the 

notum (Levayer et al., 2016; Marinari et al., 2012; Valon et al., 2021; Villars et al., 2022) 

(the future fly thorax) or the larval epidermal cells in the pupal abdomen (Teng et al., 

2017). One notable exception is the expulsion of enterocytes in the fly gut which are 

extruded apically (Buchon et al., 2010; Liang et al., 2017; Martin et al., 2018) like 

mammalian gut enterocytes (Bullen et al., 2006; Eisenhoffer et al., 2012). Atypical 

basal extrusion also occurs for thin hematopoietic stem cells in the zebrafish aorta 

floor, which relies on the self-closing of cells on the apical side and the wrapping of an 

apical lumen before detachment (Lancino et al., 2018). Some atypical extrusions can 

even bypass the expulsion on one side of the tissue layer. For instance, the extrusion 

of the polar follicle cells in the fly egg chamber, so called monosis, promotes 

simultaneously apical and basal detachment of the dying cells which is followed by the 

encapsulation of the apoptotic debris in-between the neighbors (Torres et al., 2017). 

This versatility of the direction and types of deformations comes along a diversity of 

cellular processes initiating and driving extrusion. While the early extrusion of 

epidermal larval accessory cells also relies on cell autonomous contractility, E-cad 

disassembly and formation of a supracellular actomyosin cable in the neighbors (like 

in MDCK cells) (Teng et al., 2017) (Figure 1B), the late elimination of the midline 

epidermal cells is mostly triggered by a pulsatile medio-apical mesh of actomyosin 

(Michel and Dahmann, 2020). Similarly, the delamination of neuroblasts from the 

Drosophila embryo ectoderm is driven by a relative increase of the amplitude and 

frequency of medio-apical pulses of actomyosin compared to neighboring cells (An et 

al., 2017; Simoes et al., 2017). Medio-apical actomyosin pulses were also described 

in zebrafish larval epidermis following acute stress and are permissive for the later 

formation of the actomyosin purse-string and cell extrusion (Atieh et al., 2021).  



Alternatively, basal pulsatile actomyosin rings were described in extruding Drosophila 

gut enterocytes (Martin et al., 2018), albeit with much longer period than in other 

epithelial cells (30-60 min compared to few minutes (An et al., 2017; Michel and 

Dahmann, 2020; Simoes et al., 2017)). The versatility of actomyosin dynamics and 

subcellular localization is also accompanied by a diversity of dynamics of junctional 

disassembly, which can either occur early on during extrusion, like in the larval 

epidermal cells (Teng et al., 2017) or enterocyte shedding in the Drosophila gut (Liang 

et al., 2017; Martin et al., 2018), or show no sign of disassembly prior to  full apical 

closure like in the Drosophila pupal notum (Villars et al., 2022) or in the pupal leg 

epithelium (Monier et al., 2015). The requirement of actomyosin upregulation can also 

be context dependent. Accordingly, we recently revealed that the early phase of apical 

constriction during cell extrusion in the pupal notum is not associated with any 

significant changes of actomyosin or Rho activity/dynamics, but is driven instead by a 

global disassembly of microtubules by caspases, which increases cell deformability 

(Villars et al., 2022). This initial phase is then followed by the formation of a 

supracellular cable of actomyosin which promotes late cell rounding. Interestingly, the 

mode of constriction can be very plastic. While ROCK inhibition (a central regulator of 

Myosin II, MyoII, activity) has only a minor impact on the speed of extrusion, it did 

change the mode of deformation, where late cell constriction is associated with a 

significant reduction of cell circularity (a good read-out of line tension). Alternatively, 

microtubule stabilization drastically slowed-down extrusion, which was now associated 

with a progressive accumulation of actomyosin and a constant increase of cell 

circularity.  

This plasticity of extrusion is most likely at the basis of the great robustness of the 

process, which can adjust the mode of cell deformation depending on the mechanical 

state of the tissue (Atieh et al., 2021; Michel and Dahmann, 2020; Teo et al., 2020a; 

Teo et al., 2020b). This ensures the maintenance of epithelial sealing associated with 

dying/differentiating cell expulsion even in very perturbed conditions. The mode of 

extrusion mostly depends on the global mechanical properties of the epithelial layer, 

which at low tension/high cell density seems to promote purse string constriction, while 

high tension/low density are rather associated with extrusion driven by basal protrusion 

and/or medio-apical pulsatile MyoII (Kocgozlu et al., 2016; Le et al., 2021; Michel and 

Dahmann, 2020). Although this was never formally explored, the large variety of cell 



aspect-ratios (from highly columnar to lamellar) may also explain the different timing of 

junction remodeling and localization of actomyosin, which imposes different constrains 

on the duration of apical/basal constriction relative to the duration of apical or basal 

sliding.  

Despite the diversity of the remodeling processes, the directionality of cell extrusion 

remains very robust in a large range of perturbative conditions in all these contexts. 

What are then the main cellular factors setting the direction of expulsion and what are 

the consequences of the modification of this direction?  

2.2 Mechanical parameters setting the direction of extrusion 

The direction of cell expulsion correlates with the polarized shape remodeling of cells 

which is either dominated by apical or basal constriction. As such, it is essential to 

recapitulate what are the dominant forces setting the epithelial cell shape in 3D to 

understand what sets the directionality of extrusion. The three-dimensional shape of 

epithelial cells is dominated by the balance between apical line tension (set by the 

balance between cell-cell adhesion and junctional contractility), lateral tension (the 

balance of lateral membrane tension and lateral junction complexes such as 

desmosomes, or septate junctions in invertebrates) and the basal area elasticity (the 

balance between ECM adhesion and basal contractility) (Hannezo et al., 2014) (Figure 

2A). High apical line tension and/or high lateral adhesion promote columnar shape 

while high lateral contractility and/or high substrate adhesion promote squamous 

shape.  From this, one can extrapolate that the direction of extrusion and the dominant 

constriction side can be set by the ratio of apical line tension versus basal area 

elasticity (Figure 2B,C). This was indeed confirmed by simulations of extrusion using 

3D vertex models (Okuda and Fujimoto, 2020), where it was also shown that extrusion 

can spontaneously occur due to local mechanical instabilities promoted by low number 

of cell neighbors and high tissue density. Interestingly, while this was not explored 

theoretically, a local modulation of tension either apically or basally in the neigboring 

cells may also influence the direction of cell deformation (Figure 2). Accordingly, a 

local reduction of tension in the neighboring cells driven by Src activation is permissive 

for MCF7 cell extrusion (Teo et al., 2020b).  

[inset somewhere in this section Figure 2, full page in total] 

 



Based on these theoretical grounds, can we now better understand what are the main 

cellular parameters setting the direction of extrusion? Apical extrusion in MDCK cells 

is indeed associated with the sliding of a supracellular contractile ring from the apical 

to the basal side (Kuipers et al., 2014), while neighboring cell basal protrusions should 

lead to a progressive reduction of  extruding cell binding to the ECM (Kocgozlu et al., 

2016). These two mechanisms should lead to a relative increase of the energy penalty 

associated with the maintenance of basal area hence promoting basal constriction 

relative to apical constriction. Alternatively, basal extrusion in Drosophila is almost 

systematically associated with an apical enrichment of actomyosin either at the 

junction or in the medio-apical pool (An et al., 2017; Michel and Dahmann, 2020; 

Simoes et al., 2017; Teng et al., 2017). While ECM binding dynamics was poorly 

characterized during Drosophila extrusion, Talin - a component of focal adhesion - is 

clearly maintained during basal extrusion of columnar cells in the pupal leg (Ambrosini 

et al., 2019).  However, induction of the pro-EMT (Epithelial Mesenchymal Transition) 

transcription factor Snail in a subset of cells triggers either basal or apical extrusion for 

respectively large or small group of cells, which can be reproduced by increased 

contractility combined with a downregulation of cell matrix adhesion (Wee et al., 2020). 

This suggests that these two parameters (ECM binding and contractility) are not 

sufficient to predict the direction of extrusion. The relative deformation of the apical and 

basal side should also rely on the relative timing of adherens junction, focal adhesion 

and lateral junction disassembly, and the timing of the formation of new junctions 

between neighboring cells. For instance, early formation of new adherens junctions 

between neighboring cells above the extruding cell should promote basal extrusion.  

Along this line, the disassembly of E-cad junctions and the formation of new adherens 

junctions between neighors precede the basal exclusion of larval epidermal cells (Teng 

et al., 2017) (Figure 1B), while the formation of new desmosomes between neigboring  

MDCK cells below the dying cell precedes the remodeling of adherens junctions and 

the formation of new adherens junctions between neighbors (Thomas et al., 2020) 

(Figure 1A). In this view, the direction of exclusion would also be dictated by the 

relative capacity of neighboring cells to seal new junction either apically or basally. This 

view is however contrasted by the effect of extracellular cleavage of E-cad by TEV 

which triggers MDCK cell apical extrusion despite early disassembly of adherens 

junctions (Grieve and Rabouille, 2014).  



What are then the main regulators of the polarized contractility and the regulators of 

the timing of junction remodeling? Subcellular contractility is mostly regulated by the 

subcellular localization of active Rho (Munjal et al., 2015; Vasquez et al., 2014) (a key 

regulator of actin polymerization and MyoII activity (Levayer and Lecuit, 2012)) which 

is set by the subcellular localization of RhoGAP and RhoGEF (Garcia De Las Bayonas 

et al., 2019; Simoes et al., 2006). Microtubules have previously been shown to 

participate to the local delivery of RhoGEF for apical constriction in the fly mesoderm 

(Rogers et al., 2004) or for the regulation of cytokinetic ring formation (Basant and 

Glotzer, 2018). Similarly, microtubules have been involved in the basal delivery of the 

p115-RhoGEF in the neighbors of the extruding cells hence promoting the formation 

of the basal supracellular actomyosin cable and apical extrusion (Slattum et al., 2009). 

Accordingly, microtubule depletion through Nocodazole or stabilization through Taxol 

both lead to a reduction of the proportion of apical extrusion relative to basal extrusion 

in MDCK cells and zebrafish larval epidermis, which is phenocopied by p115-RhoGEF 

depletion in MDCK cells (Slattum et al., 2009). Alternatively, polarized changes of cell 

deformability may also lead to polarized contraction. Accordingly, while depletion of 

microtubules occurs throughout the cell during pupal notum cell extrusion, the strong 

initial enrichment of microtubules on the apical side should lead to a much  more 

significant increase of cell deformability on the apical side (Villars et al., 2022). While 

local regulation of contractility is rather well described, the regulation of the timing of 

junction remodeling during cell extrusion remains poorly understood.  Several 

components could contribute to junction disassembly, including the direct cleavage of 

junctional components by caspases (Chandraratna et al., 2007; Kessler and Muller, 

2009) or the disassembly of junctions promoted by the progressive increase of tension 

and shear stress (Cavanaugh et al., 2020; Kale et al., 2018; Levayer et al., 2011; 

Staddon et al., 2019). However, what regulates the precise timing of this disassembly 

in different extrusion contexts remains unknown. Similarly, the relatively static view of 

contractility regulation that we described so far fails to explain the coupling between 

the requirement in mammalian cells of initial apical constriction, adherens junction 

reorganization and mechanotransduction (Duszyc et al., 2021), which is then followed 

by the dominant basal constriction(Kuipers et al., 2014). Part of the answer could come 

from the tight mechanical coupling between the apical and basal side. Accordingly, 

tension also builds up along the apico-basal axis during extrusion (Le et al., 2021; 

Monier et al., 2015) and contributes to the coupling between cell-cell adhesion, ECM 



and the formation of the supracellular ring (Le et al., 2021). Similarly, in the fly pupal 

leg long actomyosin cables couple the apical and basal side of the cells through direct 

anchorage from adherens junctions to the nucleus, while the nucleus is connected to 

focal adhesions through basal accumulation of actin (Ambrosini et al., 2019). While 

this apico-basal tension was not studied for its contribution to the direction of extrusion, 

it reveals a strong mechanical coupling that could help to coordinate constriction on 

the apical, basal and lateral side (Figure 2B,C).  

Finally, the existence of poorly compliant external boundaries may also affect the 

direction of extrusion, provided there is a minimal mechanical coupling with the 

epithelial layer. For instance, most of the conditions associated with basal extrusion in 

Drosophila correlate with the existence of a rigid boundary on the apical side, the 

cuticle (at the pupal stage) or the vitelline membrane (in the embryo), while gut cells 

are mostly constrained by the visceral muscle layer on the basal side (Aghajanian et 

al., 2016). Alternatively, most of the investigations of cell extrusion in cell culture were 

performed on rigid substrates. Accordingly, MDCK cells extrude on the basal side in 

curved area of alginate tubes covered with Matrigel (mostly on the inner side of the 

bends), which are quite compliant (Maechler et al., 2019), while MDCK cells extrude 

apically from the valley region of curved PDMS microprinted substrates (Huang et al., 

2022). Yet, this constrain is unlikely to be the main driver of the direction since  MDCK 

cells also extrude apically in 3D cyst embedded in Matrigel (Ganier et al., 2018), and 

there is no specific polarized constrains that could a priori explain extrusion on the 

basal side in the wing imaginal disc of Drosophila (Tripathi and Irvine, 2022).  

Alternatively, differential pressure of the liquid compartment in the apical or basal side 

may also influence the direction of expulsion. Accordingly, blood flow is required for 

basal extrusion of hematopoietic stem cell in the zebrafish aorta (Lancino et al., 2018) 

while polarized fluid flow driven by osmotic gradient provokes the basal detachment of 

MDCK cells from valley regions of curved substrates hence promoting apical extrusion 

(Huang et al., 2022). 

2.3 The role of apico-basal core regulators in cell extrusion 

Despite the highly polarized nature of the extrusion process, we actually know very 

little about the link between the core apico-basal polarity complexes and cell extrusion. 

For instance, there is to our knowledge no quantitative description of the dynamics of 

core apico-basal complexes during apoptosis-related cell extrusion. Yet, some of these 



components are directly targeted by caspases including the apical marker Bazooka 

(Drosophila Par3) (Chandraratna et al., 2007), or the lateral protein Dlg (Crawford et 

al., 2012; Valon et al., 2021), which suggests that they might be actively remodeled 

during apoptotic-driven extrusion. The contribution of core apico-basal components 

has been better described in the context of collective cell delamination or single cell 

delamination and differentiation. Recently, the fine tuning of the apical determinant 

Crumbs (Tepass et al., 1990) was described during neuroblast delamination in the 

Drosophila embryo (Simoes et al., 2022). Crumbs depletion by endocytosis during the 

late phase of constriction is permissive for apical constriction and delamination, 

however its early maintenance is associated with more reproducible constriction rates. 

This transition is regulated by the E3 ubiquitin ligase Neuralized which deactivates the 

Crumbs interactor Stardust (Perez-Mockus et al., 2017; Simoes et al., 2022). This 

“break” function is in good agreement with the role of Crumbs depletion during 

collective cell delamination and EMT. For instance, the formation of neural stem cells 

in the fly optic lobes is driven by the spatially controlled EMT of the neuroepithelium, 

set by the local downregulation of Crumbs by Neuralized (Shard et al., 2020). The 

impact of polarity proteins on constriction can be decomposed in a cell-autonomous 

and non-cell autonomous contribution. On the one hand, Crumbs and Par3 can directly 

recruit the RhoGEF Cysts, the orthologue of the mammalian p114-RhoGEF, at the 

apico-lateral membrane in the fly embryo (Silver et al., 2019), while the PAR complexes 

and aPKC can directly modulate the dynamics of medio apical MyoII (David et al., 

2010). Alternatively, polarity complexes can tune the stability of adherens junction by 

regulating E-cadherin endocytosis (Georgiou et al., 2008; Leibfried et al., 2008). On 

the other hand, spatial differences of the concentration of polarity complexes between 

neighboring cells can directly regulate MyoII. For instance, the anisotropy of Crumbs 

complexes near the EMT boundary of the optic lobe results in the accumulation of 

junctional Myosin which contributes to cell ingression (Shard et al., 2020). The impact 

of anisotropic localization of Crumbs was well described during the invagination of the 

salivary gland in the fly embryo (Roper, 2012) where anisotropic membrane distribution 

of Crumbs reduces the dissociation rate of the MyoII regulator Rok hence promoting 

its local enrichment (Sidor et al., 2020). Alternatively, aPKCi overexpression in mouse 

mammary gland luminal cells or the human breast cancer cells MCF10A also promotes 

basal extrusion through the accumulation of MyoII at overexpressing cell interfaces 

(Villeneuve et al., 2019). This is related to the decrease of Vinculin at cell-cell junction 



and its relocalization to focal adhesion (Villeneuve et al., 2019). Since many polarity 

components are targeted by caspases (see above), the same anisotropy may emerge 

in dying cells and contribute to the formation of the actomyosin cable in the neighboring 

cells. Overall core polarity components may help to orchestrate cell extrusion either 

through cell-autonomous direct regulation of adhesive components and the contractile 

machinery, or through the impact of cell-to-cell heterogeneity which can also 

participate to the local enrichment of MyoII in the neighboring cells. Further work will 

be required to describe their dynamics and functions during apoptosis-related 

extrusion. 

2.4 Switching the direction of cell extrusion and pathological consequences 

So far, we have been focusing on the mechanisms regulating the direction of cell 

extrusion for wild type cells. Yet, interesting insights can also come from the regulation 

of abnormal/mutant cell extrusion. Moreover, the redirection of extrusion to the basal 

side may lead to invasive behaviors if combined with resistance to anoikis (Gu et al., 

2015). Accordingly, single basal cell extrusion of K-Ras cells from primary cell masses 

has been recently correlated with the formation of secondary internal masses in 

zebrafish larvae (Fadul et al., 2021). Thus, characterizing the mutations associated 

with a redirection of extrusion may be very relevant for cancer progression and 

metastasis formation.  

The perturbation of core regulators of cell extrusion in MDCK cells are usually 

associated with a relative increase of basal extrusion, including the stabilization or 

depolymerization of microtubules (Slattum et al., 2009) or the depletion of S1P2 

receptor (Gu et al., 2011; Gu et al., 2015). However, the impact on the absolute number 

of basal extrusions remains unclear in most of these conditions and it is still possible 

that the downregulation of apical extrusion is not necessarily associated with an 

absolute increase of basal extrusion numbers. Interestingly, the loss of tumor 

suppressor genes or the activation of oncogenes is frequently associated with an 

abnormal direction of cell extrusion. For instance, APC (Adenomatous Polyposis Coli) 

depletion redirects cell extrusion to the basal side in MDCK cells and zebrafish larval 

epidermis, most likely through the absence of microtubule reorganization in the 

extruding cell neighbors (Marshall et al., 2011). Alternatively, the oncogene K-Ras 

prevents normal apical extrusion through the degradation of S1P by autophagy 



(Slattum et al., 2014), while high H-RasV12 active cells are extruded basally from 

MCF10A acini when surrounded by WT cells (Liu et al., 2012). 

These results are in sharp contrast with the activation of H-Ras in single cells which 

mostly promotes apical extrusion (Kajita and Fujita, 2015). The apical elimination of 

active Ras cell was proposed to be an active process of defense against oncogenic 

cells (so called EDAC: Epithelial Defense Against Cancer (Kajita and Fujita, 2015)) 

since it leads to the exclusion of oncogenic cells into the lumen. EDAC involves the 

modification of cell boundary mechanics through the local enrichment of the actin 

binding proteins EPLIN (Ohoka et al., 2015), Filamin (Kajita et al., 2014), or Ephrin 

(Porazinski et al., 2016) and the convergent collective migration of the neighboring 

cells toward the active Ras cells (Aikin et al., 2020; Mori et al., 2022; Takeuchi et al., 

2020). In certain conditions, this extrusion can be redirected to the basal side, for 

instance upon depletion of E-cad (Hogan et al., 2009), depletion of Vimentin in the 

neighboring cells (Kajita et al., 2014) or by blocking the metabolic switch (upregulation 

of glycolysis and downregulation of the TCA cycle) occurring in RasV12 cells 

surrounded by WT cells (Kon et al., 2017). 

Mutant backgrounds have also been associated with a redirection of cell extrusion from 

the basal to the apical side in the Drosophila wing disc. For instance, the transcription 

factor Ets21c promotes apical cell extrusion upon Hippo pathway upregulation in the 

wing disc (where normally extrusion leads to basal cell expulsion) (Ai et al., 2020). 

Depletion of apico-basal polarity components in clones (by depleting Scrib or Lgl, two 

core lateral components) leads to aberrant apical extrusion and the formation of apical 

cell masses in regions of the wing disc associated with higher basal JAK-STAT activity 

(Tamori et al., 2016a). The same aberrant extrusions can be triggered ectopically by 

downregulating the Rho activator RhoGEF2 combined with JAK-STAT activation 

(Tamori et al., 2016b). 

Overall, mutations of several tumor-suppresor genes or activation of oncogenes are 

often associated with the perturbation of the direction of extrusion. While this 

redirection is likely to be multifactorial and context-dependent, this would have 

important consequences for the formation of secondary tumors, as suggested by 

recent results in zebrafish (Fadul et al., 2021). However, it remains unclear in many 

contexts whether these perturbations lead to an absolute increase of the probability of 

aberrant basal extrusion, which would significantly change the consequences on the 



probability of tumor dissemination. Interestingly, these perturbed conditions also 

include the mutation of core regulators of apico-basal polarity in clones, which can 

directly impact the survival and extrusion of cells. In the next part, we will describe 

more thoroughly how local modulation of polarity can also be a driving force for cell 

death and cell extrusion.  

3.  Polarity perturbations as a driving force for cell extrusion and death induction 

Cell polarity proteins can be altered in pathological conditions, such as cancer 

(Humbert et al., 2008; Wodarz, 2000; Wodarz and Näthke, 2007). Loss of cell polarity 

and cell adhesion is commonly observed in advances tumors, where it correlates with 

local tissue invasion and metastatic dissemination. Historically, the scrib, lgl and dlg 

tumor suppressors were identified as genes in which zygotic loss of function mutations 

caused cancerous overgrowths in imaginal discs in Drosophila larval tissues (Bilder, 

2004; Bilder et al., 2000a; Gateff, 1978; Gateff and Schneiderman, 1974; Stewart et 

al., 1972; Woods and Bryant, 1989, 1991). Tissues mutant for these tumor suppressors 

show increased proliferation, altered differentiation and tissue architecture associated 

with polarity defects (Bilder, 2004). These phenotypes are reminiscent of malignant 

tumors in vertebrates. These tumor suppressors first identified in Drosophila are also 

found to be mutated in human cancers and can be associated with invasive 

phenotypes. Indeed, Dlg, Scrib and Lgl proteins are downregulated and misslocalized 

in tumors in mice and human patients (Fuja et al., 2004; Gardiol et al., 2006; Huang et 

al., 2003; Kuphal et al., 2005; Schimanski et al., 2005; Zhan et al., 2008). Loss of Dlg 

correlates with the invasive and poorly differentiated phenotype in breast and 

colorectal tumors in human patients (Fuja et al., 2004; Gardiol et al., 2006). Moreover, 

multiple somatic mutations in the dlg gene are present in human breast cancer samples 

(Fuja et al., 2004), and Dlg, as well as Scrib, can be directly targeted for degradation 

by oncoproteins such as the HPV E6 protein in cervical cancer (Massimi et al., 2004; 

Nakagawa and Huibregtse, 2000).  

Mechanistic insights in the role of polarity proteins in tumorigenesis have been 

provided in later studies (Brumby and Richardson, 2003; Doggett et al., 2011; Froldi et 

al., 2010; Igaki et al., 2006; Pagliarini and Xu, 2003; Wu et al., 2010; Zhan et al., 2008). 

Cooperation of polarity proteins with oncogenes in tumor progression has first been 

shown in Drosophila (Brumby and Richardson, 2003; Igaki et al., 2006; Pagliarini and 

Xu, 2003). For instance combination of the expression of an activated RasV12 or 



activated Notch and loss of either one of the polarity proteins Scrib, Lgl or Dlg in the 

larval eye disc lead to (i) the overgrowth of an amorphous mass (Brumby and 

Richardson, 2003; Pagliarini and Xu, 2003), (ii) the degradation of the basement 

membrane (Pagliarini and Xu, 2003; Srivastava et al., 2007) (a hallmark of local tumor 

invasion in vertebrates), (iii) a downregulation of E-cadherin, (iv) cell migration and 

metastasis in distant organs, such as the ventral nerve cord, leg discs and trachea 

(Pagliarini and Xu, 2003). In RasV12/Scrib clones, JNK mediates the expression of 

matrix metalloproteases that degrade the basement membrane, thus allowing for 

tumor cell delamination and dissemination (Pagliarini and Xu, 2003; Srivastava et al., 

2007). JNK activation and downregulation of E-cadherin in RasV12/Scrib clones is 

directly triggered by the loss of cell polarity (Igaki et al., 2006; Srivastava et al., 2007).  

Scrib does collaborate with oncogenes in vertebrate models as well (Zhan et al., 2008). 

Zhan and colleagues have found that loss of Scrib cooperates with the oncogene c-

myc to drive the transformation of mammary epithelial cells (Zhan et al., 2008). Indeed, 

the loss of Scrib inhibits c-myc-induced apoptosis, which results in an increased tumor 

burden in a mouse model of mammary tumorigenesis (Zhan et al., 2008).   

Interestingly, even though zygotic mutations in polarity genes lead to cancerous 

overgrowths in Drosophila, when mutations in polarity proteins arise in isolated cells in 

the Drosophila epithelium these cells are outcompeted and eliminated from the tissue 

(Brumby and Richardson, 2003; Igaki et al., 2006; Igaki et al., 2009; Uhlirova et al., 

2005). Thus, when they are not coupled to cooperative mutations such as mutations 

in oncogenes, polarity deficient cells are removed from the epithelium. We will now 

focus on the mechanisms driving elimination of polarity mutants.  

3.1 How to eliminate polarity-deficient cells?  

We will discuss the cell-autonomous and non-cell-autonomous mechanisms leading to 

the elimination of polarity-deficient cells. When surrounded by WT cells, polarity-

deficient cells are eliminated through cell competition (Brumby and Richardson, 2003; 

Igaki et al., 2006; Igaki et al., 2009; Tamori et al., 2010; Uhlirova et al., 2005), a context-

dependent elimination of aberrant cells when confronted to a WT cell population. We 

have previously mentioned that JNK signaling is activated in cells with loss-of-function 

mutations in polarity proteins (Igaki et al., 2006). In vertebrates and Drosophila, JNK 

induces a stress signaling leading to cell death (Davis, 2000), and accordingly JNK 



has been shown to induce death of scrib mutant cells in the Drosophila eye disc 

(Brumby and Richardson, 2003; Uhlirova et al., 2005). But how is JNK activated in 

polarity-deficient cells? A mechanism linking Eiger (the Drosophila TNF ligand 

orthologue) to JNK activation in polarity-deficient cells has been described by Igaki and 

co-authors for the elimination of scrib and dlg mutant clones in antenna and wing discs 

(Igaki et al., 2009). JNK activation is triggered by the upregulation of Eiger endocytosis 

and its accumulation in endosomes in polarity deficient clones (Igaki et al., 2009). 

Accordingly, endocytosis blockage using Rab5DN prevents JNK activation and rescues 

scrib clones. The receptor of Eiger, named Grindelwald, was later identified and shown 

to be required for the elimination of scrib mutant cells (Andersen et al., 2015). The role 

of JNK-dependent cell death for polarity mutant elimination seems to be quite general. 

Indeed, cells harboring a null mutation in lgl in a WT wing disc are basally extruded 

and undergo as well JNK-dependent apoptosis (Tamori et al., 2010). Interestingly, 

overexpression of the polarity protein Mahjong (a binding partner of Lgl) is able to 

rescue cell death in Lgl-deficient clones, indicating that Mahjong acts downstream of 

Lgl in cell competition and basal cell extrusion (Tamori et al., 2010). However this view 

has been challenged by recent results showing that Mahjong-mediated cell competition 

is driven by a mechanism different from lgl mutant. Contrary to lgl, mahjong mutant 

elimination requires the transcription factor Xrp1, similar to the elimination of 

Minute/ribosomal proteins mutants, a classic context of cell competition (Kumar and 

Baker, 2022).  

Apart from the cell-autonomous role of JNK in the apoptosis of polarity-deficient cells, 

JNK also plays a role in neighboring cells, in a non-cell-autonomous manner (Ohsawa 

et al., 2011). WT cells surrounding polarity-deficient cells activate nonapoptotic JNK 

signaling, and this activation promotes the elimination of polarity mutant cells. JNK 

activation leads to the upregulation of PVR (the Drosophila PDGF/VEGF receptor), 

which in turn activates the ELMO/Mbc-mediated phagocytic machinery, leading to the 

engulfment of polarity-deficient neighbors and their elimination (Ohsawa et al., 2011). 

A later study suggested however that engulfment has only a passive and secondary 

role in mutant clone elimination (Lolo et al., 2012). Alternatively, STAT is also activated 

in neighboring cells and required to eliminate scrib mutant cells (Schroeder et al., 

2013). In the absence of STAT in neighboring WT cells, scrib mutant cells activate the 

transcription activator Yorkie (YAP in vertebrates) and overproliferate, thus becoming 



tumorigenic. Thus, the local environment of the polarity-deficient cells determines 

whether they will be eliminated or retained into the tissue, which is a defining feature 

of cell competition.  

We have described the cell-autonomous and non-cell-autonomous signaling pathways 

at play in the death of polarity-deficient cells. However, what are the signals sensed by 

polarity-deficient cells or WT cells driving loser cell elimination? To which extent are 

these eliminations directly related to the perturbations of polarity? We propose to focus 

now on mechanisms that could directly be related to polarity defects. This includes 

mechanisms based on ligand/receptor binding, and the mechanisms based on the 

modulation of sensitivity to mechanical stress or modulation of the mechanical 

environment. We will then also briefly discuss the impact of local defects in the other 

type of polarity, namely planar cell polarity (PCP), on cell elimination and cell extrusion.  

3.2 Cell elimination driven by ligand-receptor misslocalization 

[inset somewhere in this section Figure 3, half page in total] 

In cell competition, polarity-deficient cells are eliminated from the tissue when 

surrounded by WT cells. However, the mechanism of recognition of polarity-deficient 

cells by WT cells prior to their elimination has remained elusive for a long time. Part of 

the answer recently emerged thanks to a genetic screen for ligand-based factors 

undertaken by Yamamoto and colleagues (Yamamoto et al., 2017). By screening for 

genes required in WT cells for the elimination of polarity-deficient neighbors in the 

Drosophila eye disc, they identified non-sense mutations in the sas gene, encoding a 

cell-surface ligand protein. The Sas protein in neighboring WT cells is required for the 

elimination of scrib-/- (or dlg-/-) clones. Sas is normally localized at the apical surface of 

epithelial cells, however it relocalizes to the lateral cell surface at the interface between 

polarity-deficient and WT cells (Figure 3A). The authors then searched for the receptor 

of Sas on the polarity-deficient cells. A known interactor of Sas is PTP10D, a tyrosine 

protein phosphatase, which is relocalized by loser cells at their interfaces with WT cells. 

The depletion of PTP10D in polarity-deficient cells abolishes their elimination. In scrib 

loser cells, PTP10D restrains EGFR signaling, which enables JNK signaling to drive 

cell elimination. In the absence of PTP10D, EGFR/Ras cooperates with JNK to 

decrease Hippo signaling, thus increasing Yorkie pro-proliferative activity and 

suppressing the elimination of loser cells. Interestingly, the Sas-PTP10D pathway does 



not drive elimination of other types of loser cells, such as Minute, myc, mahjong or 

yorkie mutant cells (Yamamoto et al., 2017), indicating that this mechanism is specific 

to the elimination of polarity mutant cells. This elegant model explains how polarity 

defects can lead to ectopic ligand-receptor interactions thanks to the extension of the 

apical domain (Figure 3A). However in principle this should occur throughout the 

mutant clone and it remains unclear why Sas and PTP10D are specifically enriched at 

the clone/WT cell interfaces. Yet, this lateral enrichment of apical proteins at the clone 

interfaces seems quite universal since other apical proteins such as Bazooka, Patj and 

aPKC are also enriched at mutant clone boundaries (Yamamoto et al., 2017). It should 

be noted however that recent results have questioned the requirement of PTP10D  for 

the elimination of polarity-deficient cells (Gerlach et al., 2022), leaving open the 

question of its systematic requirement  for polarity mutant cell elimination. 

Recently, receptor misslocalization in polarity deficient cells has also been proposed 

to autonomously promote cell death independently of cell competition mechanisms (de 

Vreede et al., 2022) (Figure 3B). Accordingly, soluble Eiger binds preferentially to Dlg 

(or Scrib) depleted cells compared to WT cells in the fly wing disc. Surprisingly, bound 

Eiger is produced by a distant tissue, the fat body (an endocrine organ), and secreted 

into the haemolymph, the circulatory fluid that bathes the wing disc basolateral side. 

Preferential binding of Eiger in mutant clones is driven by the ectopic localization of its 

receptor Grindelwald on the basolateral side of polarity deficient cells, while the apical 

localization of the receptor in WT cells normally prevents interaction with the baso-

laterally circulating Eiger (de Vreede et al., 2022). Thus, the perturbation of the spatial 

segregation of the TNF death receptor and its ligand causes JNK activation and 

elimination of polarity mutants. Importantly, this mechanism does not require the 

presence of a neighboring WT cell and occurs also in the context of fully mutant wing 

disc. What explains then the growth of fully mutant tissue compared to the elimination 

of mutant clones? This could be explained by different levels of activation of JNK, which 

might be higher in the context of competition thanks to the other mechanisms of 

activation described above, hence leading to more cell death. Alternatively, cell 

proliferation might be differentially affected in homotypic and mosaic conditions. 

3.3 Cell elimination driven by changes of mechanical properties  

3.3.1 Elimination driven by differential homeostatic density 



[inset somewhere in this section Figure 4, half page in total] 

Recently, mechanical stress has also been shown to participate to cell competition 

(Bove et al., 2017; Levayer et al., 2016; Matamoro-Vidal and Levayer, 2019; Moreno 

et al., 2019; Wagstaff et al., 2016b).  This process relies on the generation of 

mechanical stress and on the differential sensitivity of the two cell populations to this 

stress (Matamoro-Vidal and Levayer, 2019).This concept was experimentally validated 

for the elimination of polarity-deficient cells in epithelial cell culture. Mechanical cell 

competition has mainly been studied using Mammalian MDCK cells. MDCK cells 

knocked down for Scrib (ScribKD) are eliminated through cell death when cultured in 

presence of WT MDCK cells, while they survive in pure cultures (Norman et al., 2012). 

It was later shown that ScribKD cells are eliminated by compaction driven by WT MDCK 

cells (Wagstaff et al., 2016b). Two components participate to the preferential 

elimination of polarity deficient cells: their compaction driven by the active migration of 

WT cells towards ScribKD cells upon contact (Ogawa et al., 2021; Wagstaff et al., 

2016b), and their hypersensitivity to compaction driven by elevated p53 levels (Bove 

et al., 2017; Wagstaff et al., 2016b) (Figure 4A). p53 further increases upon 

compaction through activation of ROCK and p38 hence leading to rapid ScribKD cell 

elimination (Wagstaff et al., 2016b). However, it is not clear at this stage why ScribKD 

cells have higher basal p53 levels compared to WT cells. These results validate the 

concept of homeostatic pressure which was proposed in a seminal theoretical study 

by Basan and colleagues (Basan et al., 2009). Assuming that a cell population behaves 

like a fluid and that pressure will negatively affect proliferation while promoting 

apoptosis, they found that each population should grow until reaching a homeostatic 

pressure (HP) at which proliferation is balanced by cell death. Importantly, the mixing 

of two populations with different homeostatic pressures will systematically lead to the 

full elimination of the population with lower homeostatic pressure (HPlow). Intuitively, 

once the mixed population reaches HPlow, the loser population stops expanding while 

the population with the higher homeostatic pressure (HPhigh) continues to proliferate 

and drives the pressure above HPlow. As a result, the apoptosis rate of the population 

with the lower HP becomes larger than its proliferation rate, which drives its gradual 

elimination. In the context of ScribKD competition, the lower homeostatic density of 

ScribKD cells is regulated by their higher p53 levels (Figure 4A). Accordingly, high p53 



levels are sufficient to reduce MDCK cell homeostatic density and drive competitive 

elimination (Wagstaff et al., 2016b). 

What is then the relative contribution of homeostatic density differences and the active 

compaction driven by migration of WT cells to ScribKD cell elimination? On the one 

hand, Wagstaff and colleagues found that contact between WT and ScribKD cells 

initiates a collective and directional migration with ScribKD cells at the migration front. 

This migration promotes ScribKD compaction and cell elimination, but is not strictly 

required for cell elimination, since E-cad knockdown abolishes this collective migration 

but does not prevent ScribKD cell elimination (Wagstaff et al., 2016b). The collective 

migration is driven by the secretion of the chemoattractant FGF21 by the polarity 

deficient cells, which promotes WT cell motility and accelerates ScribKD cell elimination 

(Ogawa et al., 2021). Thus, collective migration promotes but is not strictly required for 

ScribKD cell elimination. To better sort the contribution of migration and density, 

systematic cell tracking and cell-based modeling were used to predict to which extend 

differential homeostatic density is sufficient to recapitulate ScribKD cell elimination 

(Bove et al., 2017; Gradeci et al., 2021). Using deep learning-based segmentation and 

tracking of thousands of cells, the authors first confirmed that local density is one of 

the best predictors of cell elimination (Bove et al., 2017; Gradeci et al., 2021). They 

then simulated ScribKD cell competition in a cellular potts model and confirmed that 

differential homeostatic density was sufficient to recapitulate quantitatively the 

dynamics of WT cells growth and ScribKD cell elimination (Gradeci et al., 2021). 

Interestingly, the lower stiffness/higher deformability of the loser population also 

emerged as central regulator of the outcome of cell competition. However, to our 

knowledge the difference of stiffness between ScribKD and WT cells has never been 

measured experimentally.  

These studies show that mechanical stress could contribute to polarity-deficient cell 

elimination. However, it is not clear how polarity disorganization could directly affect 

the homeostatic density of cells. In the next section, we will discuss how polarity may 

directly tune cell survival though its epistatic link with well-known pro-survival pathways 

including the Hippo pathway and YAP/Yki and the EGFR/ERK pathway.  

3.3.2 How polarity defects may affect density sensing and homeostatic density 



The higher sensitivity of ScribKD cells to compaction points to a mechanism linking 

tissue density to cell death/fate. While density sensing was related to p53 in MDCK 

cells, this does not seem to hold in Drosophila tissue (Wagstaff et al., 2016b). Could 

there be then other pathways connecting cell survival, density and polarity defects?  In 

principle, any pathway sensitizing cells to apoptosis could play this role. In this regard, 

the ubiquitous increase of JNK pathway in polarity mutants could be sufficient to 

increase the rate of cell death at a given density and decrease their homeostatic 

pressure (de Vreede et al., 2022; Kucinski et al., 2017). An alternative candidate for 

this coupling could be Hippo, a central regulator of Yki-YAP/TAZ which interacts with 

apico-basal polarity proteins and is well known for its role in density sensing (Dupont, 

2016). Indeed, apical proteins such as Crumbs can activate Hippo, thus blocking 

Yki/YAP nuclear import and leading to a downregulation of cell proliferation and cell 

survival (Chen et al., 2010; Genevet and Tapon, 2011). Accordingly, Crumbs was 

suggested to directly participate to density sensing in cell cultures, where low Crumbs 

concentration at low density is permissive for YAP activation and nuclear translocation, 

while at high density cells exhibit high levels of Crumbs which inactivates YAP and 

further inhibits cell division (Thompson et al., 2013; Varelas et al., 2010). 

Mechanistically, Crumbs binds Expanded (Ex) via its FERM-binding domain, and this 

binding is required for Ex apical localization and the activation of the Hippo pathway, 

phosphorylation of Yorkie by Warts and its exclusion from the nucleus (Grzeschik et 

al., 2010; Ling et al., 2010; Robinson et al., 2010). Thus, depletion of lateral proteins 

such as Scrib could lead to an expansion of the apical domain and trigger Hippo 

activation through Crumbs upregulation. However, this view is contrasted by numerous 

results in Drosophila showing that overexpression of the apical protein aPKC or 

Crumbs rather lead to Yki target activation and hyperproliferation (Chen et al., 2010; 

Grzeschik et al., 2010; Robinson et al., 2010), either through Ex segregation (Chen et 

al., 2010; Grzeschik et al., 2010) or through the misslocalization and colocalization of 

Hippo with its negative regulator RASSF (Grzeschik et al., 2010). Accordingly, lgl-/- 

clones activate Yki targets in the larval and pupal eye disc (Grzeschik et al., 2010). 

How to explain then this discrepancy with the apparent higher sensitivity to cell death 

of the polarity mutants? Part of the answer could come from the context dependent 

effect on Hippo/Yki in homotypic mutants and mosaic conditions. Accordingly, clonal 

induction of scrib-/- mutant is rather associated with a suppression of Yki activity which 

is required for their competitive elimination (Chen et al., 2012). Similarly, clonal 



overexpression of Crumbs rather leads to clone elimination (Hafezi et al., 2012). This 

opposite effect may be driven by JNK activation which can directly antagonize Yki 

(Enomoto et al., 2015). To conclude, the perturbation of apico-basal polarity can 

directly modulate cell survival through genetic and physical interactions with 

components of the Hippo pathway. While the effects can be very contrasted depending 

on the tissue, the level of depletion/overexpression and the mosaic context, it is most 

likely one essential factor explaining the impact of polarity defects on survival and 

growth. Finally, EGFR/ERK pathway could be an alternative pathway connecting 

density sensing and cell elimination. Downregulation of ERK by crowding was recently 

associated with mechanical cell competition and cell elimination (Moreno et al., 2019) 

and ERK was also shown to respond to cell density in mammalian cells (Aoki et al., 

2013). Since scrib-/- clones were previously associated with downregulation of ERK 

(Yamamoto et al., 2017), it could also sensitize polarity mutants to mechanical stress. 

3.3.3 Modulation of interfacial contractility and cell elimination 

We previously discussed the impact of local anisotropy of the apical protein Crumbs 

on the relocalization of actomyosin and activation of Rho (Roper, 2012; Shard et al., 

2020; Sidor et al., 2020). Although this was not formally explored for other polarity 

mutants, it suggests that local differences of polarity between neighboring cells could 

lead to an increase of interfacial contractility between the mutant clones and the WT 

cells. Interfacial contractility was previously shown to trigger the segregation of 

misspecified cells that will either form cyst (Bielmeier et al., 2016; Gibson and 

Perrimon, 2005; Klipa and Hamaratoglu, 2019; Shen and Dahmann, 2005; Shen et al., 

2010; Widmann and Dahmann, 2009), or be eliminated when below a threshold size 

(Bielmeier et al., 2016). This size-dependent effect could be easily explained by the 

Young-Laplace law, which stipulates that the pressure exerted at the interface between 

two fluids will be proportional to the line tension divided by the curvature radius (Lecuit 

and Lenne, 2007). As a result, smaller clones should experience higher pressure which 

may promote their elimination (Bielmeier et al., 2016; Matamoro-Vidal and Levayer, 

2019). However, there is so far no formal demonstration that cell elimination in this 

context is indeed driven by pressure, and recent results also outlined the contribution 

JNK activation at the interfaces with the clone and its role in cell elimination (Prasad et 

al., 2022). Whether interfacial tension is indeed generally modulated near apico-basal 



mutant clones, and whether this can contribute to cell extrusion and cell death remain 

so far an open question. 

3.4 Planar polarity defects and cell elimination 

In this chapter, we have been focusing on the relationship between cell extrusion and 

the most evident form of polarity of epithelial cells, namely apico-basal polarity. 

However, epithelia also have an in-plane polarity which allows them to align locally and 

globally across the epithelial sheet. This so called planar cell polarity (PCP) plays an 

essential role for the orientation of cilia, hairs and the orientation of cell deformations 

and junction remodeling during morphogenesis (Lavalou and Lecuit, 2022).  PCP is 

regulated by the core PCP pathway involving the transmembrane protein Flamingo, 

Frizzled and Van Gogh, as well as alternative PCP pathways such as Fat/Dachsous 

or more recently Toll8 /Cirl. In all these contexts, the asymmetric localization of these 

proteins within the cell biases the distribution of a number of cellular effectors and will 

also influence the localization of partner proteins in the neighboring cells. As such, 

local depletion of PCP regulators will have strong non-autonomous effects which can 

affect the mechanics at the boundary. This is exactly what happens with the Toll8 

asymmetric localization in the early fly embryo which polarizes the distribution of MyoII 

in the ectoderm (Pare et al., 2014). Accordingly, ectopic expression or depletion of 

Toll8 or its GPCR effector Cirl in wing disc clones is sufficient to increase interfacial 

tension through the circumferential recruitment of MyoII (Lavalou et al., 2021). In 

principle, this could also trigger clone elimination through increased pressure, just like 

misspecified clones (Bielmeier et al., 2016), but this has never been formally 

investigated. Further work will help to establish a putative link between local planar 

polarity defects and cell elimination. 

Another potential link between planar polarity and cell extrusion was outlined in MDCK 

cells. Collective migration can generate local discontinuities in the alignment of the cell 

long axis which are reminiscent of the topological defects normally described in liquid 

crystals (Doostmohammadi and Ladoux, 2022). One particular type of defect, the so-

called comet-like +1/2 defects (Figure 4B), correlates with caspase activation and 

MDCK cell extrusion (Saw et al., 2017). Importantly, the spatial distribution of these 

defects can be biased by changing the shape of the 2D substrate boundary, which will 

also lead to a local increase of cell extrusion and apoptosis. +1/2 defects are 

associated with a local increase of pressure, which most likely triggers cell death 



through the exclusion of YAP from the nucleus. While topological defects were not 

associated with the core PCP pathway, they are de facto a manifestation of local 

discontinuities of the planar polarity of cells which cause caspase activation and 

apoptosis. The impact of these spontaneous and stochastic misalignments on 

apoptosis reveals once again the impressive capacity of cells and tissues to detect and 

correct local discontinuities.   

4. Conclusions and perspectives 

Since polarity is a defining feature of epithelia, it is not surprising to find that the control 

of polarity is central for the process of cell death and cell extrusion. Whereas there has 

been significant advances in the understanding of the regulation of cell extrusion, we 

still know very little about the link between core polarity complexes and extrusion. 

Similarly, we still do not know which parameters are predictive of the direction of 

extrusion. This is likely to remain an important line of research in the coming years 

since the directionality of cell extrusion can completely change its impact on tumor 

progression, from a tumor suppressor mechanism when excluding aberrant cells into 

the lumen, to facilitating invasive behaviors by promoting oncogenic cell exclusion on 

the basal side. A better integrative view of this morphogenetic process, including 

precise characterization of the mechanical parameters of the extruding cell in 3D, its 

neighbors, the ECM and the apical and basal boundaries, will be required to fully 

understand this simple and yet highly orchestrated remodeling process. Similarly, the 

quantitative phenomenology of polarity complexes, adherens and septate junctions 

and other essential morphological regulators during apoptotic extrusion remains to be 

explored. As illustrated in the second part of this review, epithelia have developed 

various mechanisms to detect and eliminate local distortions of polarity. Part of these 

processes are cell autonomous and rely on the misslocalization of ligands and 

receptors, while others seem more subtle and rely on the combination of cell 

autonomous changes of survival combined with global mechanical stress or 

mechanical stress generated at the boundary between WT and polarity-deficient cells. 

This outlines the capacity of epithelia to detect even small local distortions of cell 

properties, hence ensuring robustness of epithelial organization. Interestingly, work on 

polarity-deficient cell elimination has been largely focused on the regulation of 

apoptosis, however the direct impact of polarity defects on cell extrusion itself has been 

poorly explored so far. This could constitute another leverage for mutant clone 



elimination. Further work will be required to disentangle the contribution of caspase 

regulation by local polarity defects and the effect of cell polarity on cell mechanical 

properties that could directly impact cell extrusion.    
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Figure Legends 

Figure1: Illustration of the steps of apical extrusion in a MDCK cell and basal 

extrusion in a larval epidermal cell in Drosophila pupae 

A Apical extrusion of a dying MDCK cell (green). Cell autonomous constriction drives 

the reorganisation of actomyosin in the neighbouring cells through E-cad-dependent 

force transmission, Corinin1B, MyoVI and p114RhoGEF. In parallel, S1P is permissive 

for the upregulation of tension in the neighbours through its receptor S1P2. A 

supracellular actomyosin ring is formed in the neighbours and slides basally. This is 

reinforced by the basal release of p115RhoGEF by microtubules. In the meantime, 

basal protrusions progressively detach the basal side of the extruding cell.  

Desmosomes (purple) are maintained throughout the process and new desmosomes 

are formed basally between the neigbhoring cells. Eventually new adherens junctions 

and new desmosomes junctions are formed while the extruding cell terminates 



apoptosis on the apical side. Question marks show hypothetical remodelling which 

have not yet been clearly described or characterised. Legends are shown below. 

B Basal extrusion of a dying larval epidermal cell from the Drosophila pupal abdomen 

(green), note that these cells are squamous. Cell autonomous constriction is first 

initiated, followed by disassembly of adherens junctions. This triggers transient stress-

release followed by the formation of a supracellular actomyosin cable in the 

neighbouring cells, which terminates the apical constriction (the top view is shown on 

the right). Septate junctions (orange dots) are maintained throughout the process. 

Question mark shows hypothetical remodelling which has not yet been clearly 

described or characterised. Note that integrins are also located on the apical side and 

can interact with the apical ECM and the cuticle. Legends are shown below. 

 

Figure2: Mechanical parameters influencing the direction of extrusion 

A Three-dimensional view of an extruding cell (green) and its neighbours. The main 

mechanical parameters controlling the 3D shape are all indicated in the legend. 

Surface energy penalises a given surface and reduces it. This energy increases with 

contractility and is reduced by adhesive forces. 

B  Apical or basal constrictions will lead to basal or apical extrusion. The parameters 

indicated next to the arrows are the one favouring one direction or the other. Increase 

of lateral surface energy of the extruding cells relative to the surface energy of the other 

cells should favour equally the two topologies.  

C Reduction of the apico-basal length of the extruding cell is favoured by high lateral 

surface energy (either through a reduction of lateral adhesion or an increase of tension 

along apico-basal axis). 

 

Figure 3: Receptor misslocalization can drive elimination of polarity deficient 

cells 

A Left: Wing disc entirely composed of polarity-deficient cells (eg. scribble, dlg, or lgl 

mutants) exhibits unregulated growth and forms a tumor-like hyperplastic mass. Right: 

Clones mutant for polarity genes are eliminated through cell competition. 

B Misslocalization of the SAS transmembrane protein and the PTP10D receptor for 

SAS at the interface between WT and in scrib-/- cells leads to scrib-/- cell elimination 

through decreased EGFR signaling and elevated JNK (Yamamoto et al., 2017).  



C Basolateral relocalization of Grindelwald, a receptor for Eiger (the Drosophila Tumor 

necrosis factor) in scrib-/- cells allows the binding of Eiger present in the basolateral 

circulating hemolymph, which leads to cell death through JNK signaling in scrib-/- cells 

(de Vreede et al., 2022).   

 

Figure 4: Polarity defects and mechanical driven elimination  

A ScribKD cells exhibiting high p53 levels are compressed by WT MDCK cells, which 

drives further p53 increase through a ROCK-p38 axis, cell death and extrusion 

(Wagstaff et al., 2016a).  

B MCDK cell migration generates local topological defects (defects in cell orientation, 

yellow lines) in 2D cell cultures. At comet-like defects (“+1/2 defects”, see the 

orientation of cells in blue and the typical alignment, dashed line below), cells 

experience compressive forces which drive apoptotic cell death and extrusion 

associated with cytoplasmic relocalization of YAP (Saw et al., 2017).  
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